leg. The structure reveals two unexpected features. The cyclic structure of the terminal domain, a ␤ propeller, creates around its outer surface a set of grooves that may provide multiple interaction sites for the variety of observed adaptor proteins. The linker has a different sort of repeating structure-a zigzag of ␣ helices ("␣ zigzag"). We suggest that other parts of the clathrin leg may have this simple molecular architecture for building extended interactions within the lattice of a coat.
Results

Expression and Structure Determination
A 55 kDa fragment of clathrin, residues 1-494 of the rat heavy chain (Kirchhausen et al., 1987a) , was expressed in E. coli and purified as described in Experimental Procedures. The crystal structure was determined by a combination of multiple isomorphous replacement with anomalous scattering and 3-fold noncrystallographic symmetry averaging. The current model has been refined at a resolution of 2.6 Å , with good R factors and stereochemical parameters. Details of the structure determination are reported in Experimental Procedures. The importance of the clathrin terminal domain for illustrates the characteristics of this fold. There are seven ␤ sheets, each with four antiparallel strands; the recruitment of cargo and for regulation of assembly motivates study of its structure. We report the crystal strucsheets are packed on each other around a central axis. The twist of each sheet, conforming to standard ␤ sheet ture, determined to 2.6 Å resolution, of a 55 kDa fragment from the N terminus of the rat brain clathrin heavy chain.
Overview of the Structure
geometry, imparts a distinctly propeller-like character (Murzin, 1992) . The sheets are numbered 1 to 7, and the This fragment contains the complete terminal domain as well as part of the linker that joins it to the distal strands within each sheet are denoted a to d in the order from axis to perimeter. We follow previous convention striking repetitive features. The WD40-like characteristics of the clathrin sequence are restricted to conservain using "top" to refer to the face of the domain in which the outer ␤ strand (d) of one blade connects to the inner tion of a set of hydrophobic residues at positions of contact between successive sheets. ␤ strand (a) of the next blade. The polypeptide chain enters the propeller as strand 7d, crosses to strand 1a,
The clathrin propeller has a roughly elliptical cross section (principal axes 47 and 40 Å ). The elongation is continues through each blade in order, and ultimately exits the domain at the C terminus of strand 7c. Thus, due to increased spacings between blades 7 and 1 and between blades 3 and 4. The blade packing does not it enters and leaves the domain at adjacent positions on the "bottom" face, and the ␤ interaction of strands by itself create an irregularly grooved exterior, however, because the gaps at the outside of the domain between 7d and 7c stabilizes closure of the cyclic structure.
The core of each blade in the clathrin propeller has 7 and 1 and 3 and 4 are occupied by short helical segments in the connecting d-a loops. Indeed, the two most an essentially invariant structure ( Figures 5A and 5B) , particularly in the ␤ strands b and c. The blades of significant grooves are between blades 1 and 2 and blades 4 and 5. The former, created in part by an outward ␤-transducin can be superposed almost equally well on those of clathrin ( Figure 5C ). The building blocks of the displacement of blade 2, appears to be a site for interaction with the adaptor molecules ␤-arrestin and arrestin3 two structures are thus essentially the same. The ␤ subunits of heterotrimeric G proteins contain recognizable (see below). The number of residues in each blade of the clathrin "WD40 repeats," each of which corresponds to a blade, but structural alignment of the amino acid sequence propeller is quite variable because of significant differences in the interstrand loops. As a result, the clathrin of the clathrin terminal domain ( Figure 4B ) reveals no described in this paper and the familiar electron-microscopic view of a clathrin triskelion is shown in Figure 8 . The structure validates early conclusions from elec-Q89, F91, K96, and K98 are critical for arrestin binding. These residues lie near the margins of the groove betron microscopy, limited proteolysis, and size-exclusion chromatograpy that the 55 kDa fragment comprises tween blades 1 and 2 ( Figure 6C ). Exposed hydrophobic which has suggested that the driving forces leading to their formation are no different from those leading to ␤ sheets in general and that the fold is therefore compatible with very different sequence patterns (Murzin, 1992) .
The ␤ propeller proteins do not have a common function. Some have enzymatic activity (e.g., methylamine dehydrogenase, methanol dehydrogenase, galactose oxidase, prolyl oligopeptidase), while others serve as scaffolds for protein associations in signal transduction and vesicular trafficking (e.g., heterotrimeric G proteins, a domain in the ␤ subunit of COPI, Sec13 of COPII); for a recent summary, see Springer (1998) . The ␤ subunit of heterotrimeric G proteins is both a connector for the GTPase and a relay to many downstream effectors. RCC1 is a guanine nucleotide exchange factor for Ran, a small GTPase, and it also links Ran to DNA-binding proteins (Dasso et al., 1994; Renault et al., 1998). The clathrin terminal domain clearly resembles the G protein ␤ subunit in one important respect: the diversity of its partners. Clathrin is a scaffold for association of a variety of adaptor molecules.
Several proteins known to interact with the terminal domain do so through short peptide segments that appear not to be part of a well-ordered, prefolded structure. Association with clathrin involves fitting a previously unstructured stretch of peptide into the appropriate site on the propeller. In the case of ␤-arrestin and arrestin3, the segment is part of a C-terminal tail, disordered in the visual arrestin crystal structure (Granzin et al., 1998), and its site in clathrin is the groove between blades 1 and 2. In the case of AP-1 and AP-2, the segment is part of the protease-sensitive "hinge" that connects the main part of the ␤ chain to a projecting C-terminal "ear" (Shih et al., 1995) . A targeted disruption of the interaction between clathrin and arrestin does not prevent association of clathrin with the AP-2 complex ., 1998 ), but the particular sequence pattern, pairs of blades within it same fold also occurs in proteins with no detectable can specialize to recognize particular partners, subject internal repeat and with no sequence similarity to the only to conservation of packing of their ␤ sheets. Thus, signaling molecules that contain these motifs. We find the design of the terminal domain is particularly adapted that the individual blades of the clathrin propeller superto independent evolution of multiple interactions-espepose well, both on each other and on a typical WD40 cially interactions with peptide segments that can fit a repeat. These observations are consistent with an analylocal contact, rather than with extended surfaces that may overlap adjacent sites. sis of the packing of sheets in ␤ propeller structures, 
